arXiv: 1505.06028v2 [astro-ph.CO] 11 Sep 2015 


Spectral distortions of the CMB dipole 


S.A. Balashev^’“, E.E. Kholupenko\ J. Chluba^ "^, A.V. Ivanchik'’“, and D.A. Varshalovich*’^ 

^lojfe Institute, Polytekhnicheskaya 26, 194021 Saint-Petersburg, 

^Peter The Great St.Petersburg Polytechnic University, 

Polytekhnicheskaya 29, 195251 Saint-Petersburg, Russia 
^Kavli Institute for Cosmology Cambridge, Madingley Road, Cambridge, CBS OHA, UK and 
^Department of Physics and Astronomy, Johns Hopkins University, 3400 N. Charles Sleet, Baltimore, MD 21218, USA 

(Dated: September 14, 2015) 

We consider the distortions of the cosmic microwave background (CMB) dipole anisotropy related to the 
primordial recombination radiation (PRR) and primordial y- and ^-distortions. The signals arise due to our 
motion relative to the CMB restframe and appear as a frequency-dependent distortion of the CMB temperature 
dipole. To leading order, the expected relative distortion of the CMB dipole does not depend on the particular 
observation directions and reaches the level of 10“® for the PRR- and /j-distortions and 10“^ for the y-distortion 
in the frequency range 1 - 700 GHz. The temperature differences arising from the dipole anisotropy of the relic 
CMB distortions depend on the observation directions. For mutually opposite directions, collinear to the CMB 
dipole axis, the temperature differences because of the PRR- and p-dipole anisotropy attain values AT 10 nK 
in the considered range. The temperature difference arising from the y-dipole anisotropy may reach values of 
up to 1 /jK. The key features of the considered effect are as follow: (i) an observation of the effect does not 
require absolute calibration; (ii) patches of sky with minimal foreground contamination can be chosen. Future 
measurements of the CMB dipole distortion thus will provide an alternative method for direct detection of the 
PRR-, y-, and /r-distortions. The y-distortion dipole may be detectable with PIXIE at a few standard deviations. 


INTRODUCTION 

Observations of tbe cosmic microwave background (CMB) 
temperature and polarization anisotropies constitute one of tbe 
major pillars of tbe standard cosmological model. Tbe CMB 
power spectra provide an opportunity to determine tbe cosmo¬ 
logical parameters of tbe Universe, since these are mainly de¬ 
termined Iw cosmological recombination HIS], acoustic os¬ 
cillations iimi, diffusion damp ing 0 and other well-studied 
processes in the early Universe Measurements taken with 
the Wilkinson Microwave Anisotropy Probe (WMAP) allow 
us to determine most of the cosmological parameters with a 
precision better than 4% 101. Planck improved these measure¬ 
ments, reaching an accuracy level of 1 - 2% |01. While 
cosmological constraints are driven by anisotropies at multi¬ 
poles ( > \, the largest CMB anisotropy is caused by our 
motion relative to the CMB restframe, manifesting itself as a 
temperature dipole [e.g., i[I3]. 

It has been shown that the average CMB spectrum is 
Planckian with a relative accuracy better than ^10 
However, it is well known that tiny deviations of the CMB 
from the Planckian spectrum are expected re.g..[lll3. [l4l - l^ . 
One inevitable distortion was formed as a result of the un¬ 
compensated transitions of recombining electrons during the 
cosmological recombination era at redshifts z 800 - 8000 
1 22-^. The other expected distortions are the primordial p- 
and y-distortions lll411511 caused by episodes of early energy 
release. Here, we argue that the spectrum of the CMB dipole 
could be used to constrain and detect these signals. 

The physics of the primordial recombination process are 
very clear and has been studied in detail ie.g.. I3ll - j43l] . We 
will refer to the total spectrum from recombining electrons 
and ions as the primordial recombination radiation (PRR). 
The number of CMB photons is 10^ times larger than the 


number of baryons. Thus, the distortion of the CMB spec¬ 
trum is expected to be 10“^ - 10“^ of the total CMB en¬ 
ergy density (it was shown that about 5 photons per hydro¬ 
gen atom were released as the PRR spectrum; Chluba and 
Sunvaevld^). However, it was found that in some frequency 
rang e these distortions can exceed 10“^ of the CMB spectrum 
1 I 29 I I 44 I 1 . The PRR spectrum mainly consists of the Lyman, 
Balmer, Paschen, Brackett and other series 1144 14511 . Also, 
there are contributions from various processes, such as 2s-Is 
two-photon decay (Hirata|^ Chluba and Sunyaev|4^ which 
gives about 50% of the emission around 1 THz) and free- 
bound emission (Chluba and Sunvaev 1^ about 20-30% at 
the whole frequency range). In addition, it was found that 
Hen and Hei recombination spectra contribute about 10%- 
15%, on average, to the PRR and up to 50% at specific fre¬ 
quencies ilH. 

Measuring of the PRR spectrum is very important for the 
several reasons: (i) it will allow us to measure the CMB 
monopole temperature Tq S; (ii) it can be used to estimate 
cosmological parameters like the fraction of baryon matter, 
Qb, and the helium to hydrogen abundance ratio, Tp ll4^ : (iii) 
additional energy release (e.g., annihilation or decay of dark 
matter particles) can be constrained [e.g., 13-13], since the 
PRR formed before the epoch of last scattering (especially the 
PRR components arising from He it and He i recombinations); 
and (iv) variations of fundamental constants could potentially 
be probed 15211 . In addition, the non-detection of the PRR 
spectrum at the expected level and with the predicted shape 
would be a serious challenge for the standard cosmological 
model. 

To create a /z-distortion Q requires efficient energy ex¬ 
change between matter and photons, so that this type of dis¬ 
tortion is only formed at redshifts z > 5 x 10^, while at lower 
redshifts a y-type distortion, also known in connection with 
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the thermal Sunyaev-Zeldovich (SZ) effect Ill4l] . is created 
EH- The amplitude of these signals is more uncertain, but 
even within our standard cosmological paradigm, one expects 
an average y-parameter of y ^ 10“^ - 10“^ due to the large- 
scale structure and the reionization epoch [e.g., 
the most recent computations giving y 


, with 
2 X 10 ^ isMl. The 


primary contribution to the y-distortion is from galaxy groups 
and clusters after reionization, while the contribution from the 
reionization era and the intergalactic medium is y ^ 2 x 10“^ 
iHl]. For the /r-distortion, the dissipation of small-scale acous¬ 
tic modes [e.g.,ll5ll59l|60l] in the standard slow-roll inflation 
scenario is expected to give rise to yu ^ 2 x 10“^ 116ill . By 
measuring the //-distortion, we can learn about the small-scale 
power spectrum at wavenumbers 1 Mpc“* ^ k < 10^Mpc~\ 
and thus constrain different early-universe models 162146511 . 

To detect the average //- and y-distortion, an absolute cali¬ 
bration and measurements in wide bands at high frequencies 
(v ^ 30 GHz - 1 THz) are required. The spectral shapes of 
these signals are very broad and therefore measurements are 
more challenging. Experimental concepts like PIXIE 11661] 
and PRISM 11671] may reach the required sensitivity and sta¬ 
bility to detect the aforementioned signals. In contrast, for the 
PRR, one can also make use of its unique spectral dependence 
S, so that absolute calibration in frequency is not necessar¬ 
ily required, but one merely needs a sufficient inter-channel 
calibration to extract the typical peak-to-peak amplitude of 
^ 10 nK at low frequencies. In the future, this type of mea¬ 
surement may even be possible at low frequencies from the 
ground JM, but an improved version of PIXIE could also 
succeed 16911 . Eor these observations, the flux can be collected 
from large regions of the sky which are minimally contami¬ 
nated by the Galaxy and other backgrounds. In addition, one 
can make use of the fact that the distortion signals should be 
unpolarized S- 

Dubrovich and Grachev S noted that the PRR signal be¬ 
comes much more prominent relative to the CMB if one ob¬ 
serves the differential PRR spectrum and compares it with the 
differential spectrum of CMB. To measure derivatives, it is 
necessary to subtract the spectrum at adjacent frequencies. In 
principle, this also requires absolute calibration for different 
frequency channels; however, the derivative of the average 
spectrum can alternatively be obtained by measuring the CMB 
dipole spectrum. Recently, it was shown iItIIi that the SZ ef¬ 
fect, which introduces a shift and distortions of the CMB spec¬ 
trum through Comptonization, can also be used to calculate 
the PRR spectrum derivative. However, it is difficult to ob¬ 
serve this effect with modern equipment because the expected 
signal is extremely weak due to the small collection area (it 
is determined by the angular size of the galaxy cluster chosen 
for observation). Additionally, this effect is model-dependent. 
It demands the determination of the galaxy cluster model for 
which the SZ effect observation is performed. 

In this paper, we discuss the detailed spectrum of the CMB 
dipole anisotropy arising due to the motion of an observer rel¬ 
ative to the CMB restframe. Previously, this effect was con¬ 
sidered by 17211 and ]|73l] . but detailed calculations and numer¬ 


ical estimates considering modern technology and the modern 
cosmological model were not performed. The effect can be 
used as a natural method to measure the derivatives of the PRR 
spectrum and the //- and y-distortions, but also extragalactic 
(non-comoving) foreground signals. It should be emphasized 
that measurements of this effect do not require absolute cali¬ 
bration. We show that the motion of the Solar System relative 
to the CMB restframe is enough to consider the effect for fu¬ 
ture experiments. 


SPECTRUM OF THE CMB DIPOLE 


It is well known that relative to the CMB restframe, the 
Solar System is moving toward (/, h) = (263.99°+0.14°, 
48.26°+0.03°) mis in galactic coordinates. The speed of 
this motion is y = 369.0 + 0.9 km/s and produces the CMB 
dipole anisotropy due to the Doppler effect. Using the CMB 
dipole, the first derivative of the monopole spectrum can be 
calculated. To do this, one can subtract the spectra obtained 
from the different directions using two identical instruments, a 
procedure that directly cancels the dominant CMB monopole. 

Denoting the total occupation number of the monopole 
spectrum as 77m(v), at lowest order in yS = vjc, the associated 
motion-induced dipole spectrum is given by 


77d(v, 0) /7d(v) cos 0, (1) 

where the angle 0 is measured with respect to the motion di¬ 
rection, and the occupation number amplitude is given by 

77d(v) Si -vdyT]^iv)l3. (2) 


Assuming that the CMB monopole spectrum is just a black- 
body with T/cMB.m = 1), where x - hv! (ksTo) is the di¬ 

mensionless frequency, we obtain the well-known CMB tem¬ 
perature dipole 

?7CMB,d(v) = j0G(.r), G(x) ^ 2 ’ 

(e-' - 1)^ 


where the function G(x) exhibits the spectrum of thermal fluc¬ 
tuations. Note that v is the measured frequency in the ob¬ 
server frame. The motion-induced temperature dipole causes 
the dominant contribution to the dipole anisotropy. 

When calculating the contributions from the PRR, //-, and 
y-distortions to the CMB dipole spectrum, we should specify 
the spectral shapes of these distortions. For the PRR spectrum, 
we use the results given by Rubino-Martm et al. 14711 . with 
digital data taken from personal web page of J.A. Rubino- 
Martm at Istituto de Astroffsica de Canarias site. 119411 Since 
no simple analytic approximation for the PRR exists, we nu¬ 
merically evaluate the frequency derivative in Eq. (Ell. The as¬ 
sociated occupation number amplitude is denoted as ? 7 pRR,d(v). 

For the y-distortion, the average occupation number was 
calculated by the following formulae | 


tly,mM = yY(x), Y(x) = G(x) [x coth(x/2) - 4]. (4) 
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Therefore, for the motion-induced dipole signal related to the 
average y-distortion, we have 


?7j,d(v) ~ -Py [20G(x) + 6Y{x) - x^G(x) - 6xG{xf\, (5) 

which was determined by simply evaluating vdvtiy^m - 
xdxY(x). We will use a fiducial value of y = 2 x 10“® 1581 
as an estimate, neglecting the relativistic temperature correc¬ 
tions 1 76-^ caused by hotter group-size systems. 

For the //-distortion, the average occupation number is 


where the function (pijj) 1 - 0.4561// is the temperature 
correction providing the total photon number density conser¬ 
vation and the function M{x) is 


MW = G(.r)[0.4561 - . 

Thus, the related distortion to the dipole is given by 


?7/i,d(v) = Pii 



G(x)j 


M{x) - 


G{x) 

X 


(7) 

( 8 ) 


We will use // = 2 x 10“^ as a fiducial value. In the fol¬ 
lowing, we neglect any corrections from free-free distortion 
at low frequencies due to reionization [e.g., [s^ IsHi and fore¬ 
grounds, which do not constitute primordial signals but could 
also be directly constrained using measurements of the dipole 
spectrum. The difference between galactic (comoving) and 
extragalactic (non-comoving) signals may provide an addi¬ 
tional handle for component separation of the monopole sig¬ 
nals. We also omit corrections to the shapes of the //- and 
y-distortion caused by the thermalization process at frequen¬ 
cies v ^ 1-10 GHz 1 13- 191. Furthermore, we assume that the 
y-distortion of the dipole caused by the aberration and boost¬ 
ing 182, S^] of the CMB temperature quadrupole, an artifact 
of the map-making procedure 1 13-861, is separated. 


IMPORTANCE OF THE EFFECTS 



1 10 100 1000 
v.GHz 


FIG. 1: Top panel: The relative distortions of the CMB monopole, 
5 d. and the relative distortions of the CMB dipole, Adjy/dcMB, as 
functions of frequency. Green, red, and blue lines correspond to the 
PRR-, //-, and y-distortions, respectively. For each type of distortion, 
dashed lines indicate the positive part of the monopole distortion, do, 
and dashed-dotted the negative part. Solid lines indicate the positive 
part of the dipole distortion, Ad^/dcMB, and short dashed the neg¬ 
ative. We adopted y = 2 x 10“® and // = 2 x 10“* as the fiducial 
values for the y- and //-distortions, respectively. Bottom panel: the 
relative CMB dipole anisotropy, dcMB (calculated using mutually op¬ 
posite directions collinear to the CMB dipole axis), as a function of 
frequency. 


To isolate the contributions arising only from the distortions 
of the CMB monopole, it is useful to consider 


Aiip _ r/cMB+D 
(fcMB £i?CMB 


( 11 ) 


To illustrate the effects, let us define a measure of the rela¬ 
tive anisotropy by 


d (v, nz. Ml) 


rj (v, til) 
Tl (v, Ml) 


(9) 


where rjiy, n) is the total photon occupation number in the di¬ 
rection n. The dominant contribution to d (v, « 2 , «i) is due to 
the CMB temperature dipole itself and can be expressed as 

^ — —-yS[cos02-cos0i], (10) 

e-^ - 1 


which defines the relative change of d{v, tiz, tii) caused by the 
distortion of type ”D”, where ”D” takes the values ”PRR”, 
”y”, and ‘//’. It can be shown that the quantity Az/d/^cmb is 
described by the following formula: 


tlcMB yCMB 


where 


bp(v) = 


?7p,m(v) 

?7CMB,m(v) 


( 12 ) 


(13) 


where ©2 and ©i are the angles between the direction of mo¬ 
tion and directions nz and /ii, respectively. To estimate the 
typical magnitude of the considered effect, we will use direc¬ 
tions exactly along (©2 = 0) and opposite (©1 = n) to the axis 
of the CMB dipole, which gives [cos ©2 - cos © 1 ] —2. 


is the relative distortion of the CMB monopole spectrum 
with local spectral index o-p = -5 In bp/5 In v, and ycMB = 
-51n77cMB,m/51n V = xe^/(e^ - 1) is the local spectral in¬ 
dex of the occupation number //cMB.m- It should be noted that 
Q'p = (tp - Tcmb), where yp = -cHn?7p_ni/51n v is the local 
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spectral index of the occupation number ?7D,m- Note also that 
the spectral indices, y, are defined corresponding to ~ 
such that positive values of y correspond to a decreasing spec¬ 
trum. 

Both Ac/o/ti^CMB and c/cmb are presented in Fig. [T] The 
dependence of A^fpRR/^fcMB on observation frequency shows 
quasi-oscillations originating from line features in the PRR 
spectrum. The amplitude of these quasi-oscillations ranges 
from 5.1 X 10-i° (at v ^ 228.5 GHz) to 5.1 x 10^^ (at 
V ^ 1.07 GHz), i.e. Ac/pRR/^fcMB increases at low frequen¬ 
cies. The value of Ac/j,/c/cmb ranges from 3.5 x 10“* at 1 GHz 
to -4.2 X 10“^ at 700 GHz with a local maximum at the level 
of 9.1 X 10“^ at 50.2 GHz, and null (change of sign) at 101.1 
GHz. Thus, in contrast to Ac/prr/c/cmb, the relative distortion 
anisotropy due to the average y-distortion, Ac/y/c/cMB, tends to 
zero at lower frequencies. This implies that at v < 6 GHz, 
the signal due to the PRR becomes larger than the relative 
distortion of the CMB dipole caused by the y-distortion. The 
value of \AdfildcMB\ ranges from 9.3 x 10“® at 700 GHz to 
1.1 X 10“^ at 1 GHz showing a monotonic increase at decreas¬ 
ing frequency. 

The following aspects should be emphasized. 

a. The relative distortion, Ac/o/^fcMB, is independent of the 
particular observation direction to leading order. 

b. A comparison of Ac/prr/c/cmb and dpRR (the top panel 
of Fig. [Til shows that the relative distortion of the CMB 
dipole can be slightly larger than the relative distortion 
of the CMB monopole due to the PRR. 

c. At the same time, Adyldcya is much smaller than 6y 
at V < 100 GHz. Thus, the amplitude of |A^fpRR/^fcMBl 
is larger than \/S.dyldcMB\ at v < 6 GHz (as mentioned 
above) despite the fact that |bpRR| « |by| in most part of 
the considered range (aside from around 217 GHz - the 
null-point of Sy). 

d. At low frequencies, the relation Ad^jdcMB - is valid. 

The statement (a) directly follows from Eq. ([T2l i. Similarly, 
(b)-(d) can be understood by using the analytical approxima¬ 
tion given above. To show this, let us introduce an amplifi¬ 
cation coefficient (in the same sense as in Kholupenko et al. 

ItI 

_ AdpIdcMB _ Q'd 
(5d (v) Tcmb ’ 

which characterizes how much the relative distortion of the 
dipole is larger than the corresponding relative contribution to 
the monopole. In the Rayleigh-Jeans part of the CMB, ycMB - 
1 and hence Cd - ckd = yo - 1 ■ 

For the PRR, the amplification coefficient, Crrr, achieves 
values up to 6 (at the frequencies near 22, 26, and 107 GHz). 
For the y-distortion the amplification coefficient tends to zero 
(Cy —> 0) at low frequencies (r 1) since the y-distortion of 
the CMB monopole has asymptotic Sy ^ -2y at r —> 0, and, 
correspondingly, a,, ^ 0. For the yu-distortion, the amplifi¬ 
cation coefficient tends to unity (Cyj ^ 1) at low frequencies 



FIG. 2: Monopole temperature deviations, ATd, and the dipole tem¬ 
perature differences, ATp (in nK), arising from different types of relic 
CMB distortions, as functions of frequency. Green, red, and blue 
lines correspond to the PRR-, p-, and y- distortions, respectively. For 
each type of distortion, the dashed lines indicate the positive part 
of the monopole temperature deviations, ATu, the dashed-dotted the 
negative. The solid lines indicate the positive part of the dipole tem¬ 
perature differences, AT^, and the short dashed the negative. The 
black dashed line correspond to the monopole sensitivity of PIXIE, 
Aly = 5 Jysr^' (the expected limit for dipole is VT lower). All 
calculations of dipole temperature differences were performed for 
mutually opposite directions collinear to the CMB dipole axis. We 
adopted y = 2 x 10“® and /j = 2 x 10“* as fiducial values for the y- 
and /j-distortions, respectively. 


(yu «c V 1), since ^ -pjx at v ^ 0 (but v » yu) and, 
correspondingly, ttyj —> 1. Note that the change of sign of 
Ac/d/c/cmb (see Fig. [TJ occurs at points of bo-extrema, where 
ap = 0 . 

In Fig. [2] we show the effective temperature differences 
from the individual distortion contributions to the dipole spec¬ 
trum, A7 ’^(v,0i,02) ~ 7’o[??d(v,02)-?7d(v,0i)]/G(.x), 
and compare it with the associated effective temperature dif¬ 
ference of the monopole, AT'd(v) ~ Tq ? 7 D,m (v)/G(v). We 
note that in contrast to AdpfdcMB, the effective temperature 
dipole anisotropy, AT^, depends on direction, namely, it is 
directly proportional to (cos 02 - cos 0 i). 

The PRR monopole temperature deviation shows an in¬ 
crease at low frequencies with marked quasi-oscillations orig¬ 
inating from the wide overlapped lines in the PRR spectrum. 
This temperature deviation has a value in the range from 
0.3 nK at 270 GHz to 755 nK at 1 GHz. The y-distortion 
monopole temperature deviation ranges from -11 pK at 
1 GHz to 45 yuK at 700 GHz, a signal that will be easily de¬ 
tected using PIXIE. The /r-distortion monopole temperature 
deviation ranges from -3 pK at 1 GHz to 20 nK at 700 GHz. 

The PRR dipole anisotropy temperature difference also 
shows marked quasi-oscillations due to the lines in the PRR 
spectrum. The amplitude of these quasi-oscillations has a 
value in the range from 7.3 x 10“^ nK at v ^ 89 GHz to 5.1 nK 
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distortion monopole/dipole 

behavior 

frequency of 
minimum, GHz 

min AT, nK 

frequency of 
maximum , GHz 

max AT, nK 

T- 

monopole 

monotonic 

1 

-llxlO’"* 

700 

45x10® 


dipole 

monotonic 

1 

-27 

700 

1.1x10® 

P- 

monopole 

monotonic 

1 

-3x10^ 

700 

20 


dipole 

monotonic 

1 

-15 

700 

0.6 

PRR 

monopole 

quasi-oscillating 

270 

0.3 

1 

755 


dipole 

quasi-oscillating 

89 

7.3x10'^ 

1.07 

5.1 


TABLE I: The comparison of the monopole and dipole temperature differences for the different types of distortions in frequency range 1-700 
GHz. Dipole temperature difference we calculated using mutually opposite direction collinear to CMB dipole axis. We adopted y = 2 x 10“® 
and yu = 2 X 10“* as fiducial values for y- and yu- distortions, respectively. 


at V ^ 1.07 GHz. The y-distortion dipole anisotropy temper¬ 
ature difference ranges from -27 nK at 1 GHz to 1.1 yuK at 
700 GHz. The yU-distortion dipole anisotropy temperature dif¬ 
ference reaches -15 nK at 1 GHz to 0.6 nK at 700 GHz. Ta¬ 
ble J] summarizes the comparison between the monopole and 
dipole signals for the various types of distortions. 

From Fig. 13 one can see that a detection of the distortion of 
the CMB (monopole) spectrum requires measurements of the 
signal in several frequency channels with the following val¬ 
ues of absolute temperature sensitivity: (1) for PRR: lOOnK 
at frequencies < 4 GHz, 10 nK at < 20 GHz, 0.3 nK at 
< 700 GHz (in whole considered range); (2) for y-distortion: 
4yuK at frequencies < 165 GHz and > 265 GHz; (3) for ji- 
distortion: 1 yuK at frequencies < 3 GHz, 100 nK at < 25 GHz, 
10 nK at < 90 GHz and > 200 GHz. 

On the other hand, from Fig. |2] one can also see that a 
detection of the dipole anisotropy due to the different dis¬ 
tortions requires measurements of the signal in several fre¬ 
quency channels with the following values of absolute temper¬ 
ature sensitivity: (1) for PRR: 1 nK at frequencies < 4 GHz, 
0.1 nK at < 20 GHz, and lO'^nK at < 700GHz; (2) for y- 
distortion: 4nK at frequencies < 700 GHz (excluding the nar¬ 
row band 285-293 GHz around null of effect at 289.6 GHz); 
(3) for yu-distortion: 1 nK at frequencies < 15 GHz, 0.1 nK 
at < 100 GHz, and > 270 GHz. Thus, observations of CMB 
dipole distortions require a sensitivity two to three orders of 
magnitude better than observations of corresponding distor¬ 
tions of CMB (monopole) spectrum in comparable ranges. 
The achievement of such an unprecedented level of sensitiv¬ 
ity is a challenging technological problem for a future exper¬ 
iment observing the distortion of the CMB dipole. Also, the 
level of foreground contamination to the dipole spectrum with 
associated motion-induced effects has to be considered more 
carefully. 


CONCLUSION 

The distortions of the dipole anisotropy due to several relic 
CMB distortions were studied. The temperature differences 
arising from the PRR-, y-, and yu-dipoles depend on the fre¬ 


quency and observation directions. The relative change of the 
CMB dipole due to the PRR-, y-, and yu-distortions is indepen¬ 
dent of the observation direction but depends on frequency. 
In the most promising range for observations of the PRR- 
and yu-dipoles, v ^ 1-20 GHz, the absolute temperature dif¬ 
ferences arising from these signals have values in the range 
^0.1- 10 nK for observations in mutually opposite directions 
along the CMB dipole axis. The relative changes of CMB 
dipole due to the PRR and yU-distortion in this range have val¬ 
ues in the range 10“^ - 10'®. In the most appropriate range 
for observations of the y-dipole, v ^ 20 - 700 GHz, the ab¬ 
solute value of the temperature difference ranges from 28 nK 
to 1.1 yuK, which could be detected at ^ 5cr with PIXIE. The 
relative change in the CMB dipole due to y-distortions in this 
range is 10'^ - 10'®. 


The considered effect provides an additional method for 
detecting the relic CMB distortions. The main idea of the 
method is using an anisotropy technique that is already well 
developed for the measurements of the CMB anisotropy, with 
different systematics. One advantage of this method is that it 
does not require absolute, but only precise inter-channel cali¬ 
bration to observe spectral features, directly using the CMB 
sky as reference. This is especially important for the fre¬ 
quency range < 20 GHz, where absolute calibration is dif- 
hcult due to the size of cryogenic systems. The PRR dipole 
anisotropy has a unique spectral shape that is related to the ini¬ 
tial PRR monopole spectrum. This can help experimentalists 
to identify reliably the PRR dipole anisotropy. The method re¬ 
quires absolute temperature sensitivity of at least 0.1-1 nK. A 
sensitivity of lOOnK has already been achieved using ground- 
based instruments (e.g., the Atacama Cosmology Telescope 
(ACTPol experiment’ |87|), the South Pole Telescope (SPT- 
POL experiment; IsnI I and BICEP2 [891, which has a sensi¬ 
tivity of 85 nK). However, these are not well suited for mea¬ 
surements of the dipole spectrum, since it is difficult to access 
large scales because of atmospheric fluctuations. The general 
consensus is that these kind of distortion measurements will 
need to be performed from space or possibly with the advent 
of the next generation of the bolometer telescopes (e.g. PIXIE, 
Kogut et al.liS PRISM, PRISM Collaboration et al.iil and 
CMB Stage-IV, Chang 193). At low frequencies (< 20 GHz), 
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the receivers become larger with increasing wavelength, so it 
is difficult to observe with sensitive spectrometers in space. 
One possible resolution is the measurements using balloon- 
borne experiments, like ARCADE 2 ll93l] . or finding a new 
path to make observations from the ground. 

As mentioned above, the motion-induced dipole signal re¬ 
lated to the average y-distortion may be detected with PIXIE. 
Since the signal has a spectrum that differs from the usual y- 
distortion, it cannot be mimicked by a dipolar modulation of 
the number of clusters (or generally scatters) across the sky. 
Thus, the distortion of the dipole can in principle be used to 
independently confirm that the CMB temperature dipole is 
caused primarily by our motion, thereby placing limits on a 
primordial temperature dipole and large-scale perturbations. 
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